Due to the excellent safety profile of poly (D,L-lactide-co-glycolide) (PLGA) particles in human, and their biodegradability, many studies have focused on the application of PLGA particles as a controlled-release vaccine delivery system. Antigenic proteins/peptides can be encapsulated into or adsorbed to the surface of PLGA particles. The gradual release of loaded antigens from PLGA particles is necessary for the induction of efficient immunity. Various factors can influence protein release rates from PLGA particles, which can be defined intrinsic features of the polymer, particle characteristics as well as protein and environmental related factors. The use of PLGA particles encapsulating antigens of different diseases such as hepatitis B, tuberculosis, chlamydia, malaria, leishmania, toxoplasma and allergy antigens will be described herein. The co-delivery of antigens and immunostimulants (IS) with PLGA particles can prevent the systemic adverse effects of immunopotentiators and activate both dendritic cells (DCs) and natural killer (NKs) cells, consequently enhancing the therapeutic efficacy of antigen-loaded PLGA particles. We will review co-delivery of different TLR ligands with antigens in various models, highlighting the specific strengths and weaknesses of the system. Strategies to enhance the immunotherapeutic effect of DCbased vaccine using PLGA particles can be designed to target DCs by functionalized PLGA particle encapsulating siRNAs of suppressive gene, and disease specific antigens. Finally, specific examples of cellular targeting where decorating the surface of PLGA particles target orally administrated vaccine to Mcells will be highlighted.
Introduction
Poly (DL-lactide-co-glycolide) (PLGA) micro/nano particles (MPs/ NPs) present a promising vaccine delivery system. PLGA, a polymer ester of two a hydroxyacids (lactic and glycolic acids) ( Fig. 1) is well-characterized, and because of its excellent safety profile in human, 1 has been FDA approved for vaccine and drug delivery as well as tissue engineering. 2 Though aluminum salts have been approved over the last 80 years as a vaccine adjuvant for improving humoral responses; they are poor to induce cellular responses, which are required for vaccines against intracellular pathogens. Therefore, many researchers have focused on developing other adjuvants and delivery platforms, and among them PLGA particles have been attracted much attention regarding their great advantages. 1 PLGA particles are biodegradable and metabolized to their constituent monomers in aqueous media. 3 However, according to the results of in vivo biodistribution studies in BALB/c mice following oral administration of PLGA NPs, it is necessary to minimize the amount of particles that reach the liver. Semete et al. have been suggested surface modification of PLGA particles with hydrophilic molecules as a strategy to enhance circulation time and reduce particle localization in the liver. 4 PLGA particles protect loaded peptides/proteins from proteolytic degradation, and confer them proper plasma halflife. 5 It has been established that PLGA particles have no adverse effect on DC function like maturation, migration, cytotokine secretion, and costimulatory properties. 6 Furthermore, they can demonstrate nonspecific DC targeting by controlling their size, hydrophobicity, and charge. Nano/micro-sized particulate vaccine delivery systems have the ability to simultaneously deliver both the antigen and the immunopotentiator to the same dendritic cells (DCs) or macrophages. 7 Co-delivery of both the antigen and immunostimulant (IS) may lead to enhanced potency, adjuvant dose reduction, and consequently minimizing toxicity of the IS. 8, 9 However, the application of PLGA particles faces some challenge such as acidic feature of PLGA microenvironment, protein exposure to water-oil interface, harsh parameters during particle preparation, and protein instability during encapsulation that may affect protein integrity and immunogenicity. 10 Many strategies, including the addition of stabilizing excipients, the optimization of process conditions, chemical modifications such as glycosylation and pegylation have been developed to overcome antigen instability during encapsulation and release process. 11 Moreover, application of protein adsorption instead of encapsulation not only dissolves many of problems regarding protein instability during particle preparation, but also facilities PLGA particle sterilization by gamma irradiation before protein loading. 1 This review will focus on the application of PLGA particles as delivery system for peptide/protein based vaccine, and will touch on different methods for the preparation of protein/peptide PLGA particles. The mechanisms of protein release from PLGA particles and variables affecting on protein release will be described. In addition, intracellular trafficking of PLGA particles and the impact of administration routes and particle size on immunity responses will be explained.
Herein, the studies conducted so far using antigens targeting different infectious disease formulated into PLGA particles are discussed. Furthermore, we will cover examples of antigen and immunostimulating agent (e.g., TLR ligands) co-delivery using PLGA based particulate delivery system. Surface modification of PLGA particles particularly for induction of mucosal immunity, enhancing induced immunity, and affording the ability of oral or nasal administration will be highlighted. Accordingly, this review will underscore the functionalization of PLGA particle surfaces with DCs and M-cells targeting agent.
MPs or NPs definitions
It has been well established that particle size has an undeniable impact on particle immunogenicity. Particle size also influences the type of immune response achieved. 12 Before addressing the advantages of MPs or NPs as vaccine delivery platform, it is worthy to clarify MP and NP size ranges. In spite of the fact that the border between polymeric NPs and MPs is defined by their size, there is no harmony among different references in this regard, and those represent various classifications according to particle size. Some of the MPs or NPs classifications according to their size are mentioned in Table 1 . In general, in order to define size range of MPs and NPs, we suppose particles more than 1000 nm in diameter as MPs and particles with the size less than 1000 nm as NPs.
Established methods for protein loaded MPs/NPs preparation
Various methods have been applied to prepare MPs/NPs according to inherent nature of used polymer, physicochemical features of loaded drugs and also purposes of their use. Here, the applicable methods for the preparation of PLGA-based MPs/ NPs encapsulating proteins are described. All following methods excluding nanoprecipitation can be applied for PLGA MPs and NPs fabrication by tuning up process parameters such as volume of organic phase to aqueous phase ratio and rate of stirring. 3 
Emulsification-solvent evaporation method
Emulsion-solvent evaporation technique has been known as the most common method to prepare protein and peptide loaded MPs/NPs. This technique is categorized into single and double emulsion solvent evaporation methods. Sequential steps of these two methods are shown in Figure 2 (a,b). Poly vinyl alcohol (PVA) is frequently used as a surfactant and can be applied for both single and double emulsion solvent evaporation methods, which is typically removed from particles during formulation of the vaccine. 15, 19 In order to harden the oil droplets, the organic solvent is evaporated under reduced or atmospheric pressure according to required particle size. 3 The prepared MPs/NPs are then separated by ultracentrifugation, washed and dried through freeze-drying. 20 Schematic illustration of single emulsion solvent evaporation method is shown in Figure 3 . Single emulsion-solvent evaporation is not an efficient method for entrapment of hydrophilic drugs such as proteins and peptides into PLGA particles as they diffuse into aqueous phase before PLGA polymer solidification, resulting in higher degradation/inactivation of the protein antigen. 20 Thus, to preserve biological activity of loaded proteins, aqueous phase double emulsion solvent evaporation technique has been successfully developed for protein and peptide encapsulation. 3, 20, 21 Spary-drying Spary drying is a suitable method for peptide or protein loading on PLGA MPs/NPs with a few process parameters that should be considered prior to scaling-up step. The salient drawback of spray drying comes from the particle attachment to interior surfaces of the cyclone which decreases the process yield. 3, 22 Besides, water in oil emulsion containing protein is atomized in a stream of hot air and leading to the formation of MPs/NPs subsequent to the solvent evaporation. 15, 22 Phase separation (Coacervation)
Phase separation methods can be utilized to fabricate protein loaded PLGA MPs using liquid-liquid phase separation. Hydrophilic drugs such as protein or peptides are dispersed into PLGA polymers dissolved in organic solvent 15 and then a non-solvent Figure 1 . PLGA polymer structure, PLGA a copolymer of poly lactic acid (PLA) and poly glycolic acid (PGA). X and Y indicate the number of each unit repeats. MPs; Microparticles, NPs; Nanoparticles agent (e.g., silicon) that decreases the solubility of PLGA in its solvent, and also induces coacervation, is added to emulsion. Protein is encapsulated in PLGA-rich liquid phase (coacervate) and newly formed microspheres (MSs) are immersed into heptane to quench and solidify micro droplets.
3,22
Nanoprecipitation Nanopercipitation is one of the most common methods which can be also used for the encapsulation of peptides and proteins into PLGA NPs. PLGA polymer is dissolved in acetone and then protein is added to an aqueous solution containing emulsifier such as Pluronic F683. PLGA polymer and protein are diffused into the aqueous phase, acetone is evaporated under reduced pressures, and then proteinencapsulated NPs are produced with size ranges of »200 nm which are smaller than NPs formed via other approaches.
20
Microfluidic approaches for MPs/NPs preparation Microfluidics has been introduced as a promising alternative to conventional laboratory techniques. Generally, microfluidics drives a small volumes of fluids in the range of microliters (10 ¡6 ) to picoliters (10 ¡12 ) through microchannel network with lowest dimensions from tens to hundreds micrometers. In microfluidics devices, continuous and disperse phases flow into two separate inlets, and the disperse phase is confined into isolated droplets or narrow stream. T-junction, flow-focusing and concentric capillaries are well known designs of microfluidics which can be made from different materials like glass, silicon, polydimethylsiloxane (PDMS), stainless steel, etc. 20, 23 PRINT technology PRINT (Particle Replication In Non-wetting Templates) is a continuous, roll-to-roll, high-resolution molding technology providing monodisperse particles ranging from NPs to MPs. In PRINT technology, an elastomeric mold containing wells or cavities of predefined shape and size is utilized to fabricate particles with precise structures. 23, 24 The biopharmaceutical cargo such as proteins can be incorporated in PRINT particles by encapsulation or adsorption. For example, Hemagglutinin (HA) antigens in three commercial trivalent influenza vaccine (TIV), were electrostatically bound to the surface of cylindrical cationic PLGA-based NPs prepared by PRINT technology. 25 Overall, double emulsion solvent evaporation and spary drying are the most widely used methods for antigen loading in PLGA particles in laboratory scale. However, it is worth mentioning that for movement from laboratory to market it is necessary to consider GMP requirements and also consistency in particle preparation that can be assured by novel methods such as microfluidic approaches and PRINT technology. The size of PLGA particles obtained by these preparation methods mostly can be adjusted via process parameters. The advantages and disadvantages of all above methods are mentioned in Table 2 .
Protein loading into/on MPs/NPs
MPs/NPs are classified according to their structure into following groups: nanocapsule, nanosphere (NS), microcapsule, and microsphere (MS). 19 Encapsulation and adsorption are the most common approaches applied for protein loading into or on MPs/NPs. 19 The protein can be either adsorbed on the particle surfaces or encapsulated inside. The features of MPs/NPs and their protein loading efficiencies are influenced by a wide range of parameters, such as: type of solvents and surfactants, surfactant concentration, PLGA concentration in solvent, stirring rate and fabrication methods. 3, 20 Protein/peptide encapsulation In all methods mentioned above, the encapsulation of desired protein into MPs/NPs and particle preparation are carried out simultaneously. Proteins are encapsulated into MSs/NSs by their dispersion either into organic solvents dissolving PLGA or in an aqueous solution using high shear homogenization or ultrasonic device. 15 Some examples of peptide or protein encapsulated into MPs/NPs are pointed out in Table 3 . 42 These conditions are generally applied to proteins 40, 41 and should be determined through preliminary experimental evaluation. 43 Due to thecolloidal nature of MPs/NPs suspension, the protein-adsorbed MPs/NPs are separated from buffer containing free proteins by ultracentrifugation or gel filtration. Then, the particle pellets are washed with distilled water and lyophilized. 19 Some examples of peptide or protein loaded MPs/NPs by adsorption are summarized in Table 4 .
Assessment of encapsulation and adsorption efficiency
For successful protein loading into/on PLGA particles, both high loading capacity and suitable ratio between the desired protein and PLGA particles are crucial parameters. Protein encapsulation and adsorption efficiency in protein-loaded MPs/NPs can be calculated by direct or indirect method. In direct method, the amount of desired protein is frequently determined by dissolving defined quantity of protein-loaded MPs/NPs in a solution containing 5% SDS and 0.1-0.2 M sodium hydroxide at room temperature, known as digestion method. Afterwards, the amount of protein is calculated through protein assay methods, such as BCA. 36 The estimation of encapsulation 19 and adsorption efficiencies are made according to the equations below: The indirect quantification of proteins adsorbed on or encapsulated into MSs/NSs is calculated by subtracting the amount of protein which is not incorporated into MPs/NPs (free protein) from total amount of applied protein.
Process yield determination
An important parameter that should be calculated for each process is production yield. The process yield is estimated through the following equation 46 :
Process Yield% D Weight of protein ¡ loaded MSs=NSs Weight of PLGA polymer C weight of desired protein £100
PLGA degradation and protein release
One of the most remarkable features of PLGA polymers, as a unique vaccine delivery system, is the possibility of tuning the physico-chemical properties of the PLGA polymer in order to achieve the desired release profile dictated by the target product profile. 15, 22 Most researchers believe that PLGA degradation is solely driven by a hydrolytic mechanism that exclusively happens by hydrolysis of ester linkages in polymer backbone subsequent to water uptake. 3, 47, 48 A few investigators have indicated a possible enzymatic role in PLGA particle degradation, but the results have not been convincing so far. 49 PLGA particles degrade into lactic and glycolic acids monomers, both of which enter the tricarboxylic acid cycle and are subsequently eliminated from the body as carbon dioxide and water. 3, 19 The mechanism of protein release from PLGA particles PLGA particulate vaccine can provide sustained antigen release which is critical to elicit potent immune responses. It is considered that the impact of PLGA particulate vaccine on immune responses relies on the kinetics of antigen release. 50 To manipulate protein release rates from the particles and to obtain the desired release profile, it is necessary to know the possible mechanisms of protein release from PLGA particles. 19, 51 However, underlying mechanisms of release have not been clearly understood. 3 Overall, protein release happens through a 
In vivo
Cellular and humoral 42 combination of bulk and surface diffusion as well as bulk and surface erosion of the PLGA polymer, which can be modulated through many PLGA attributes. 51, 52 It is hypothesized that the release rate is diffusion-controlled initially giving way to degradation/erosion at the end of release period. Diffusion can occur through water filled pores within the PLGA particle. 51 Moreover, some researchers mentioned desorption of bound protein from particle surface as another release mechanism. 19, 22 PLGA particles commonly exhibited classic tri-phasic release patterns 51 including initial burst (phase I), slow release phase (lag time) associated with a little diffusion-driven release (phase II), followed by a faster release (phase III) attributed to erosionaccelerated release. In the phase III, a sustained protein release in a zero-order manner occurs. 47, 53 Phase III is sometimes called a second burst release. In contrast, mono-phasic or bi-phasic release profiles can also exist. 51 Makadia and Siegel 3 described drug release through PLGA particle degradation as a biphasic curve with an initial burst release (first phase) followed by progressively increasing drug release (second phase). It is assumed that the burst release happens due to weakly bound or adsorbed proteins to particle surface. 54 It has been mentioned that the lag time relies on PLGA molecular weight (MW) and end-group caps. 52, 53 Water absorption by PLGA polymer starts immediately upon exposure of PLGA particles to water, or in vivo administration. The hydrolytic cleavage of ester bonds to alcohol and carboxylic groups results in further PLGA degradation and acidic oligomers accumulation. Carboxylic acid buildup causes localized pH drop that enhances PLGA autocatalysis and also presents a key role in creating channels through which protein release can happen. 51, 55 In addition, it has been well demonstrated that molecular weight (MW) of PLGA MSs influences the release mechanism. As release from low MW (e.g., 5 kDa) PLGA MSs is mostly driven by diffusion, release from high MW (e.g., 25 kDa) PLGA, MSs occurs via a combination of diffusion and erosion. 47 Furthermore, it has been revealed that larger particles have a smaller initial burst release than smaller particles. 19 
Factors affecting protein release rate
In the following sections, parameters influencing protein release behavior and polymer degradation from PLGA particles will be discussed. Here, the factors influencing protein release are categorized into polymer, particle, protein, and environmental related ones, all of which can be modulated to tune the hydrolytic degradation behavior of MPs/NPs and subsequently protein release rates (Table 5) .
Polymer related factors
Lactide/glicolide ratio. PLGA polymer composition is the primary factor contributing to particle degradation and antigen release rate. PLGA polymer composition impacts the hydrophilicity, glass transition temperature (Tg), and hydration rate of the PLGA polymer. 15, 56, 57 The most widely used PLGA with monomer composition of 50:50 has the fastest biodegradation rate which completely occurs in »50-60 days. The poly-glycolide acid is more hydrophilic due to the absence of methyl side group than ploy-lactide. 55, 58 The study conducted by Park 59 has shown that more glycolic acid percentage causes more water uptake, and consequently the overall weight loss of PLGA particles and faster degradation rate happen. Many in vivo studies have been evaluated the antigen release and the amount of induced immunity by PLGA polymers with various molecular weights and L/G ratios. 26, 36 For example, humoral response against HBsAg encapsulated in PLGA MSs with different L/G ratios (PLGA 50:50, 75:25, a mixture of PLGA 50:50 and 75:25, as well as PLGA 50:50-COOH) was investigated as a single dose vaccination. 36 It was clearly demonstrated that the HBsAg release from HBsAg-PLGA MSs was related to the surface morphology of the MSs, polymer composition (L/G ratio), and MW of the polymer (viscosity). The PLGA 50:50-COOH MSs released HBsAg faster than the PLGA 50:50 and PLGA 75:25 MSs, respectively. 26 The glass transition temperature also relies on the composition and MW of the PLGA polymer. It has been shown that a decline in lactide quantity and MW is associated with a decrease in the degree of crystalinity of PLGA polymer.
22,60
Figure 4. Flow diagram of PLGA polymer related factor affecting on PLGA particle degradation. Molecular weight and polymer end group. Protein release rate in PLGA particles directly is proportional to PLGA MW, so that particles with higher MW generally tend slower degradation rates. 57, 59 Tracy et al. 56 showed that higher MW PLGA polymers need more time to hydrolyze into soluble oligomers and have lower release rate.
End groups in PLGA polymer also impact the water uptake, and subsequently degradation rate of particles. 61 End groups in PLGA polymer impact the water up-take, and subsequently degradation rate of particles. 3 The PLGA end group has a greater influence than MW on particle degradation. In general, low L/G ratio, low MW and uncapped PLGA polymer make a less hydrophobic polymer with increased rate of water absorption, hydrolysis, and erosion. 56 The relationship among polymer related factors affecting particle degradation rate is shown in Figure 4 .
Particle related factors (Particle size and morphology)
Many studies have been carried out to demonstrate the correlation of particle size and surface morphology with release profile of antigen-loaded PLGA particles. 3, 19, 48 For example, it was demonstrated that when particle hydrophobicity, MW of PLGA and L/G ratio (PLGA 75:25) increase, the surface porosity of a particle decreases. 62 It was also found that larger particles have a smaller initial burst release than smaller particles. 19 Saini et al. 58 showed that PLGA (50:50) MSs are spherical with a smooth surface, whereas PLGA (75:25) MSs were spherical with rough surface. In another research, 63 it was observed that in vitro polymer degradation rates are not substantially various for different particle sizes. Furthermore, protein release did not correlate with the polymer degradation rate or particle sizes. 63 Siepmann et al. showed that particle size affects the release profile of encapsulated antigens through diffusion path length and autocatalysis. As particle size becomes greater, diffusion path length increases, which negatively influences the release rate. On the other hand, larger particles experience more autocatalysis. 64 This implies that there are multiple factors contributing to antigen release and particle degradation, and they can vary in vitro and in vivo. In another study, the impact of formulation on particle size and subsequently release profile of PLGA particles was confirmed. 37 It was demonstrated that HBsAg-encapsulated PLGA particles prepared by polyethylenimine (PEI) as external aqueous phase resultsin larger size particles and slightly higher release rates compared to those prepared by stearylamine (SA). Moreover, it was exhibited that all positively charged PLGA MSs except one formulation, showed slower release compared to unmodified PLGA MSs. Yang et al. attributed the difference of release rates from PLGA 50:50, 15:85, and L-PLA particle to their difference in surface morphology, particle porosity, and surface roughness, as PLGA 50:50 exhibited the slowest release pattern. PLA particles demonstrated rougher surface and higher porosity than those of PLGA particles. 65 However, the results of this study are in contrast with the majority of the studies mentioned in this review, in which the role of L/G ratio was emphasized as an influencing factor in release rate. Furthermore, it has been demonstrated that the morphology of polymer 19, 22 and also route of administration 22 have a considerable impact on the protein release rate.
Protein related factors
In addition to the aforementioned parameters affecting protein release from PLGA particles, the physicochemical characteristics of loaded protein (i.e. MW, solubility, distribution coefficient, hydrophobicity, and the number of free thiol groups and/ or disulfide bonds) as well as protein loading 19 influence their release rate and degradation behavior. It was demonstrated that release from MSs is not dependent on average protein size within the MS, but the mechanism of release is somewhat related to protein MW, pore size, distribution, and location of pores. In low protein loading values, release mechanism of larger proteins was driven by diffusion through pores, while for smaller proteins, release was initially dependent on diffusion through pores and finally on degradation. However, due to the presence of more interconnecting channels at higher loaded MSs, any difference in the release mechanism related to the protein MW was not observed in high protein loading values. 66 
Environmental related factors
Various parameters such as pH, temperature, ionic strength, sink condition, salts, plasticizing agents and surfactants can dramatically influence the rate of protein release from PLGA MPs/NPs. 51 The pH of release medium has a key effect on protein release by acting on the polymer degradation rate and protein stability due to its large influence on protein conformation. 55, 59 Zolnik et al. 47 demonstrated that the degradation and release pattern of PLGA MSs under both neutral and acidic pH exhibits a triphasic pattern with a similar burst release and lag phases, following with a zero order phase being accelerated at pH 2.4. Moreover, it was exhibited that MS at pH 2.4 had smooth surface without any channels and degraded more homogenously than that at pH 7.4. In a study conducted by Silva et al., 62 it was exhibited that the pH of a first emulsion (W1) in a double emulsion solvent evaporation method had a considerable effect on encapsulation efficiency and burst release. As the pH changed from acidic to alkaline, not only the high burst release drastically decreased to 10% but also the encapsulation efficiency enhanced to about 40%. It was speculated that pH alteration to values above the peptide isoelectric point, would affect the peptide charge distribution and subsequently its hydrophobicity.
The increase in ionic strength of the release medium often induces a decrease in the release rates. Presumably, the increased ionic strength reduces the swelling of the polymer matrix by dropping the diffusion of the protein from the MSs. 62 Furthermore, most of the in vitro release studies have been done in PBS pH 7.4 at 37 C due to its similarity to physiological conditions, in which there is no preliminary stability studies. However, some researchers performed protein stability studies to assess the in vitro release in an optimal release medium (e.g., acetate, citrate or Tris-HCl buffers). 55 Increased temperature, which raises all chemical reactions, augments the mobility of the PLGA polymer and subsequently the rate of pore closure. Moreover, in vivo studies indicated faster release and shorter lag phase in enhanced temperature due to the presence of enzymes, lipids, non-sink condition and possible impact of immune system. 51 In conclusion, due to the presence of many parameters influencing particle degradation and also the interaction between protein and PLGA polymer, accurate design of a particle vaccine delivery system with a controlled release rate is a complex challenge. Hence, in vivo studies are required to verify the real behavior of any particular protein-PLGA delivery system. 48, 51 Impact of administration route of PLGA particles on immunogenicity
The in vivo prediction of PLGA particles behavior is not as simple as in vitro because of the complexity of environment and the presence of various enzymes. In various routes of administration, PLGA particles are internalized by different types of cells. Therefore, this parameter plays a key role in type and magnitude of the induced immunity. 7, [67] [68] [69] It has been reported that oral administration is the best route of mucosal immunization; however, orally administeredPLGA MPs are more likely to be hydrolyzed due to low pH of stomach and its extensive range of enzymes. On the other hand, efficient uptake of PLGA MPs by specialized mucosal associated lymphoid tissue (MALT) has been established. 70 A novel approach to make PLGA particle more stable in gastrointestinal fluids relies on using PLGA co-polymer or tri-block co-polymer with hydrophilic moieties such as polyethylene glycol (PEG). 71 In an early research, it was found that oral administration of B. pertusis antigens-loaded PLGA particles requires higher dose of antigens and 2 booster immunizations in comparison with parenteral administration. 72 It was also indicated that polarized Th1 response is induced following intraperitoneal (IP) or intramuscular (IM) immunization by B. pertusis antigens-loaded PLGA particles. However, subcutaneous (SC) route was the least effective parenteral routs in induction of Th1 response. Hamdy et al. 7 also emphasized the strong relationship between the route of administration and the type of cell involving in PLGA particle phagocytosis. It was shown that PLGA particles were internalized by DCs through SC or intradermal (ID) routes, whereas IP administration resulted in PLGA uptake by macrophages. In order to have better understanding of the impact of administration routes on eliciting immune responses, it is required to compare the in vivo behavior of PLGA particles with the same size and loaded protein but using different immunization routes.
Influence of particle size on immunogenicity Undoubtedly, finding optimum particle size for eliciting potent immune response against antigens has been a challenging issue until present. Surprisingly, the outcomes of different studies evaluating the effect of particle size on eliciting immune response are incompatible. In astudy conducted by Gutierro et al., a higher total IgG response was elicited by 1,000 nm-sized BSA-loaded PLGA particles in BALB/c mice than that obtained with 200 and 500 nm particles. These findings can be attributed to enhanced access of 1000 nm-sized particle to the APC, although antigen processing and presentation are similar in all PLGA particles. 73 In a research using SPf66-loaded PLGA particles_ENREF_74, it was deduced that intranasal administration of 1.5 mm-sized SPf66-loaded PLGA MPs results in higher IgG antibody level compared to the conventional alum adjuvant and to the other routes. However, SPf66 loaded NPs showed a poor immunogenicity only superior to the free peptide group. 74 Wendorf et al. revealed that PLGA NPs and MPs, with 110 nm and 800-900 nm in diameter, respectively, are similar in eliciting immune response according to IgG titers in mice. 16 The results of a study conducted by Thomas et al. confirmed that HBsAg-loaded PLGA MSs in »5 mm diameter could elicit a more robust immune response when compared to those with a 12 mm diameter. 75 Cruz et al. demonstrated that both DC-targeted PLGA MPs and NPs caused antigen protection against rapid degradation after particle ingestion by DCs. However, DC-SIGN-targeted and PEG-coated MPs and NPs demonstrated different targeting behavior toward human DCs. PLGA NPs was effectively directed to DCs through DC-specific antibodies. In contrast, uptake of PLGA MPs by DCs was mainly accomplished through nonspecific phagocytosis. 76 In another research, it was clearly demonstrated that staphylococcal enterotoxin B toxoid loaded-PLGA particles smaller than 10 mm were remarkably more immunogenic than the larger ones (10-110 mm) according to serum IgG response. 77, 78 Furthermore, it was shown that PLGA NPs less than 500 nm could elicit more potent CTL responses compared to MPs with size larger than 2 mm. Moreover, particle size may determine whether the particles passively drain to secondary lymphatic organs or are up-taken and transported there by the peripheral APCs. It was proven while larger particles (500-2000 nm) were mostly associated with DCs at the in injection site, small particles (20-200 nm) were found in LN-resident DC and macrophages, suggesting their free drainage to the LN. However, small (20 nm) and large (1000 nm) NPs showed differential localization in the popliteal LN. 79 In addition, particle drainage was size dependent, as particles with a range of 20-200 nm were drained via lymphatic system within few hours. However, DCs took up larger particles (200-500 nm) and carried them to lymph node during 24 hours after administration. 68 Altogether, PLGA particle size and size distributions are important attributes to determine induced immunity responses byantigen-loaded PLGA particles. It can be concluded that PLGA particles with the size between 200 nm and 2 mm can elicit better immunity responses. Moreover, it should be kept in mind and emphasized that immunity responses are complex and governed by multiple parameters including administration routes of vaccination, physicochemical characteristics of PLGA particles (e.g., size, surface charge and morphology that influence antigen release profile), antigen features, and of course the presence of specific DC targeting moieties or other particle surface modifications.
In vivo and in vitro studies using PLGA particles
The advantages of using PLGA particles as delivery vehicles, have been investigated in diseases such as hepatitis B, malaria, leishmaniasis, tuberculosis, toxoplasmosis and etc. Many studies in different disease models, indicated that long lasting immunity can be achieved by administration of PLGA particles, which can avoid the requirement of multiple injections of the conventional vaccines. 36, 58, 80 For example, protective humoral and cellular immunities that were achieved by a single-shot HBsAg adsorbed PLGA MPs were similar to the response induced by booster injection of alum adsorbed HBsAg vaccine. 58 Furthermore, a single subcutaneous injection of HBsAgloaded PLGA MSs in mice led to comparable antibody responses to those of three injections of HBsAg aluminum vaccine. 36 In a study by Jaganathan et al., PLGA MSs bearing recombinant HBsAg was stabilized by using the combination of protein stabilizer (trehalose) and antacid (Mg(OH) 2 ). Addition of a protein stabilizer and an antacid resulted in an enhancement in antigen stability during entrapment and release from the MSs. 80 It was found that a single injection of PLGA MSs gave rise to an almost equivalent anti-HBsAg antibody levels comparing to two injections of alum-adsorbed HBsAg vaccine in guinea-pigs. Therefore, this delivery system is able to be administrated as a single-shot carrier adjuvant in development of vaccines and can prevent the need for multiple doses in next generation vaccines. 80 In addition, a remarkably high and long-lasting immune response associated with strong protective capacity was achieved with a single dose administration of SPf66 encapsulated PLGA MSs in Aotusmonkeys. 81 These results provide additional evidence that PLGA particles can be applied as a delivery system to induce protective immunity after a single dose administration of a vaccine. 81 Furthermore, small-sized PLGA particle in the presence of CpG can be useful for developing Th1-polarized immunity in asthmatic response induced by house dust mite (HDM) allergens. 82 PLGA functions more efficiently and demonstrates longer potency and fewer side effects as compared to the conventional Al(OH) 3 adjuvant. Therefore, PLGA-allergen nanoparticles can act suitably as candidates for allergy vaccines. 83 The breadth of research being conducted in the field emphasizes the importance of PLGA particles as delivery system for protein/peptide antigens. A subset of studies using PLGA particles as delivery system of various antigens are summarized in Table 6 . This table provides a useful tool to compare and correlate in vitro and in vivo results.
Immunomodulation with PLGA particles containing TLR ligand
The systemic administration of toll like receptor (TLR) ligands is associated with high levels of serum cytokine and toxicity, which may cause immunosuppression and prevent immune responses against subsequent infections. Particulate delivery systems can reduce the required dose of antigen or adjuvant, protect degradation and enable co-administration of vaccine antigens and immunomodulators to the same cell type (Fig. 5) . 70, 92 Therefore, the safety profile of adjuvants can be improved by dose reduction and also by alleviating the toxicity at non-targeted tissues. 8 It was found that co-delivery of antigens along with TLR ligands via PLGA MPs/NPs can result in selective stimulation of DCs to produce natural killer (NK) cell-activating cytokines. Activation of both CTL and NK cells by a single vaccine strategy can lead to targeting and killing MHC class I positive and also negative tumor cells. 7 Additionally, TLR ligand binding to modified PLGA MPs can be applied for DC maturation or specific amplification of the immunological response to encapsulated antigens in DC-based cell therapies or in vaccination trials. 93 CpG, a bacterial DNA representing pathogen-associated molecular pattern (PAMP), activates DCs maturation and facilitates cross presentation of antigens by targeting TLR9. Unlike alum which is a Th2 adjuvant, CpG effectively induces potent Th1 responses. In a review article by Malyala et al., different formulations of CpG in PLG MPs; including addition of CpG in soluble form, adsorption to charged PLGA MPs and encapsulation within MPs have been discussed. 8 Polyriboinosinic acid-polyribocytidylic acid (poly(I:C)), a double-stranded (ds) RNA virus associated danger signal, interacts with TLR3, which is located in the membrane of the endosomal compartments of most APCs. 94 This ligand requires internalizing for its action; therefore, unexpected activation of non-targeted cells is prevented. 92 Poly(I:C) as Th1 immunomodulator has the ability to activate monocytes and NK cells to produce pro-inflammatory cytokines and chemokines which results in DC maturation and consequently stimulation of both humoral and cellular immunity. 95 Monophospholipid A (MPLA), a nontoxic analog of lipid A, is a TLR4 agonist. Many researchers have applied this Th1-immunomodulator for the enhancement of Th1 and CTL responses. 96 In the following section, co-delivery of antigens and various TLR ligands will be explained. Some studies using different immunomodulators are indicated in Table 7 .
CpG
Some studies investigated the optimal way to formulate CpG in PLG particulate delivery system. 102, 103 For example, 3 formulations including addition of CpG in soluble form, CpG adsorption on, and CpG encapsulation into PLGA MPs with the adsorbed protein antigen from Neisseriameningitidis B were evaluated. The results indicated that CpG encapsulated formulations led to increased immunopotentiator effect which was indicated by significant higher antibody, bactericidal activity and T cell responses when compared to the traditional method of delivering CpG in the soluble form. 103 In another study, the magnitude and kinetics of humoral and cellular immunity were measured in MPs containing OVA and CpG (MP/OVA/CpG), MPs comprising OVA, soluble OVA plus CpG, or OVA formulated with Alhydrogel Ò aluminum hydroxide adjuvant. The highest Th1-and Th2-associated antibody isotypes were achieved by MP/OVA/CpG. In addition, the highest antigen-specific IFN-g lasted up to 42 post-vaccination was elicited by MP/OVA/CpG. The results of this study gives applicable data for designing optimal vaccination regimens in MP-based protein vaccines. 102 However, it was found that polymer nature and MP characteristics are 2 affecting factors in the outcome of CpG and antigen co-encapsulating. For example, when OVA and CpG sequences were coencapsulated into Resomer Ò RG PLGA 502 and 756 MPs, no improvement in cellular immune response was seen in Table 6 . In vitro and in vivo results of studies using PLGA particle containing different disease's antigens.
Antigen
In vitro result In vivo result Ref. OVA and CpG microparticulate co-delivery in comparison with CpG and OVA co-administration. 104 Fischer et al. described the importance of CpG release kinetics on the immunogenicity of antigen-containing PLGA MPs. They microencapsulated the CTL-restricted OVA peptide SIINFEKL into bare, chitosan-, and protamine-coated PLGA MPs. CpG adsorption or coupling was performed onto the surface of these MPs. It was found that the duration of CpG release is related to the surface charge of the PLGA MPs. When positive zeta potential values of polycationic coating increases, the binding of CpG to them enhances and the release of both the antigen and CpG decreases. Whereas, in single immunization of mice with these different formulations, only the uncoated PLGA MP with adsorbed CpG-ODN causes significant increase in IFN-g secreting CD8 C T cells. 105 
PLGA-Hepatitis B antigen

MPLA
To enhance vaccine immunogenicity, the synergistic effect of immunoadjuvants can be examined and therefore adjuvants with different mechanisms can be combined. 31, 106 For example, application of CpG inside PLGA MS and MPLA in injection solution (but not inside the MSs) caused significant increased immune response. 106 Furthermore, IFN-g ELISPOT responses to multiple specific CTL epitope scan be elicited by this PLGA vaccine delivery system carrying 2 specific CTL epitopes of OVA antigen. It has been also reported that combination of a-galactosylceramide (aGC), a synthetic glycolipid that can be loaded into non-classical MHC CD1d molecules and stimulate invariant NKT cells, and MPLA results in marked higher cellular immune response. 31 In another approach, to prevent antigen denaturation that may occur in encapsulation process and also to mimic microbial pathogens in their structure and surface chemistry, antigens were bound to the surfaces of particles (Fig. 6) . In this regard, OVA as a model antigen was conjugated to PEGylated lipids incorporated in the lipid shells of PLGA particles. Lipophilic molecular danger signals such as MPLA and aGC were incorporated into the surface bilayers of these particles. Strong antibody titers were induced by these antigen-displaying particles at antigen doses of only a few nanograms, far below the conventional doses used in mice. Conventional alum adjuvants, 
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MPLA or aGC did not have the ability to induce immunity at such low doses of antigen. However, when MPLA was co-displayed on the membranes of particles, the highest IgG titers sustaining for over 150 days at the lowest antigen doses was elicited. Incorporating aGC into the coatings of antigen-conjugated particles resulted in rapid IgG production after a single immunization, which can be applied in emergencies such as disease pandemics. 107 In another example of this strategy, a recombinant antigen derived from the circumsporozoite protein of Plasmodium vivax, VMP001, was conjugated to the lipid membrane of the PLGA core particles. Then, the lipid-enveloped PLGA NPs was incorporated with MPLA, creating a pathogen mimicking NP vaccine (VMP001-NPs). This vaccine delivery platform elicited potent and long-lasting antigen-specific humoral immune responses being characterized by enhanced avidity and capacity toward the domains within the circumsporozoite protein with the ability to neutralize live sporozoites. Totally, this vaccine platform with appropriate materials for clinical studies can be used for controlling drug release as well as enhancing protective immunity from weakly immunogenic subunit vaccines. 108 
Surface modification of PLGA particles
Surface modifications of PLGA particles with chitosan and cationic agents, which is used, respectively, to facilitate mucoadhesion and to enhance the induced immunity response are described in the following section, summarized in Table 8 .
Chitosan
The surface modification of PLGA MSs with chitosan [109] [110] [111] can facilitate the mucoadhesion through the change of zeta potential from negative to positive without affecting the particle size and dispersion. Moreover, a clearance rates from the nasal cavity can be reduced by this modification. 109 In addition, the . Pathogen-mimicking PLGA particles as vaccine delivery platform. In order to avoid antigen denaturation that can be caused by encapsulation process and preserve the structure and surface chemistry of antigens, they are conjugated to the PEGylated lipid shell of PLGA particles. Lipophilic molecular danger signals such as MPLA and aGC can also be incorporated into the surface of these lipidenveloped PLGA particles.
surface modification of MSs with chitosan caused induction of higher potency and long lasting immune responses when compared with unmodified MSs.
110
N-trimethyl chitosan (TMC) particles which carry a positive charge independent of pH, demonstrate increased solubility and are much more stable at neutral pH than chitosan particles. Nasal immunization of mice with TMC-coated PLGA particles loaded with HBsAg led to a marked enhancement in anti-HBsAg titer compared to nasal immunization with HBsAg loaded PLGA particles. 112 In another study, nasal immunization with fast antigen releasing TMC based NP (prepared by ionic complexation) was superior in the elicitation of antibody responses compared to PLGA NP and TMC-coated PLGA NP (prepared by emulsification/solvent extraction). This response may be related to some features of TMC NP including mucoadhesiveness for extending the nasal residence time, the rapid release of the contained antigen for promoting antigen uptake by B-cells, and the ability to stimulate DC activation. Therefore, the particle charge and antigen release properties of NPs influence the extent and the type of immune response elicited by nasal vaccination. 113 Recently, Primard et al. described a method for the co-encapsulation of a hydrophilic antigen and a hydrophobic imiquimod, an agonist of TLR-7 as immunostimulatory molecule. PLGA NPs were further coated with a mucoadhesive chitosan-derivate layer. Intranasal delivery of this vaccine delivery system resulted in a high systemic humoral and mucosal immune response, both at local and distal sites of injection. Co-delivery of imiquimod led to polarization of the immunity only at local sites, while the intensity of the immune response was preserved at distal sites. Therefore, the topical delivery of encapsulated imiquimod was safer vaccine compared to its systemic administration. 114 
Cationic agents
The uptake of ligand-grafted MPs results from both specific and non-specific processes and maybe dependent on the ligands coating the particles and also the particle charge. For example, in a study conducted by Brandhonneur et al. the uptake of cationic MSs was linear and characterized by nonspecific uptake mechanisms. However, the uptake of negatively charged ligand-grafted MSs was enhanced 2 to 4 times depending on the ligand type, and showed non-linear specific saturatable characteristics. It was further observed that the particle-to-cell ratio influenced the rate and the efficiency of particle uptake. Therefore, suitable ligands should be evaluated for their ability to increase cellular uptake of MPs. 115 It was found that HBsAg-loaded cationic surface charged-PLGA MPs led to enhanced systemic and mucosal immunity compared to unmodified particles. However, other parameters including particle diameter, drug content, and hydrophobicity may also have influence on the enhanced efficacy of positively charged PLGA MSs. 37 Furthermore, coating PLGA MPs with protamine, an arginine-rich peptide with strong basic charge, resulted in increased antibodies and T-cell responses in mice. 116 In addition, cellular evidence for enhanced cross-presentation of exogenous antigens encapsulated in protamine-coated PLGA NPs through facilitated antigen uptake and lysosomal escape was provided. These results suggest that protamine-modified PLGA NPs maybe used as a potent adjuvant for cellular vaccines. 117 
Functionalizing PLGA particles for targeting to M-cell
Oral and/or nasal vaccines have the ability to induce systemic as well as mucosal immunity and also demonstrate much higher patients' compliance comparing to parenteral vaccination. This economic route of administration overcomes the disadvantages of parenteral immunization, which include high production cost, patient discomfort and risk of disease transmission. 118, 119 PLGA particles can be taken up by transport system via specialized membranous epithelial cells (M-cells) located in follicle-associated epithelium (FAE) of the Peyer's patches present along the gastrointestinal tract and subsequently can elicit immunity after oral administration. 118, 119 The ability of M-cells to transcytose the antigen from the gut lumen to the underlying lymphoid tissues causes a mucosal immune response. Due to the presence of M-cells at a very low density in gut, efficient targeting of these cells can enhance antigen uptake in oral vaccine delivery. The distinctive glycoconjugate profile of M cells surface plays an essential role in targeting of orally administered NSs/MSs. 120 Different strategies for M-cells targeting using PLGA particles (Fig. 7 ) will be discussed with approach summarized in Table 9 .
In vivo studies indicated that targeting of PLGA particles to Peyer's patch M-cells using different strategies including Ulexeuropaeus1 lectin (UEA-1), 120 Lotus tetragonolobus (LTA)
from Winged or Asparagus pea, 122 and M cell homing peptidecoupled chitosan leads to the enhancement of mucosal and systemic immune responses through oral administration. 124 However, M cells targeting using RGD peptide, which was grafted on PEGylated PLGA-based NPs did not result in enhancement of IgG production because of partial degradation of the RGD peptide during its trafficking in the gastrointestinal tract. 71 To avoid peptide degradation, non-peptidic ligands were incorporated in PLGA NPs. Higher IgG antibodies and also cellular immunity were elicited by intraduodenal administration of non-peptic grafted PLGA NPs comparing to either non-targeted or RGD NPs. 121 In another study, the TLR-agonist MPLA was further incorporated in the UEA-lipid NPs. MPLA led to up-regulating of the phagocytosis of mucosal DCs. This oral delivery system has the ability to transport vaccine antigen to M-cell which then can be taken up by underlying DCs. The in vivo oral vaccination of OVA-loaded with UEA-MPL/PLGA NPs led to the highest induction of functional mucosal IgA and serum IgG antibodies as comparing to other oral formulations. The results of this study suggest that this vaccine delivery system is a promising strategy for boosting immune responses to oral vaccines. 123 Overall, M-cell targeted PLGA particles containing TLR agonist suggests a promising strategy for boosting oral immunity.
Enhancing immunotherapeutic effect of DC-based vaccine using PLGA particles
Intracellular trafficking of PLGA MPs/NPs
Endogenous antigens are processed in the cytosol and presented by major histocompatibility complex (MHC) class I molecules, which are expressed in all nucleated cells. However, "extracellular" antigens are processed in endocytic vesicles or endosome and presented by MHC class II molecules, which are only expressed in APCs. Antigen presentation on MHC I and II results in activation of antigen specific CD8 C and CD4 C T cells, respectively. Some APCs can direct the endocytosed "exogenous" antigens into the MHC class I pathway, which is called cross-presentation. 7 Targeting of vaccine antigens to DCs, the most professional APCs, leads to the enhancement of antigen-specific T cell responses. 7 However, the application of DC vaccination is limited due to the rapid degradation of internalized protein by DC and also the transient nature of MHC class I epitopes on the DC surface following external loading of motif-fitting peptides. Antigen encapsulation protects antigens from degradation by lysosomal proteases through endosomal escape. The antigen encapsulation can also lead to extending Ag release and consequently more effective MHC peptide complexes presentation to CD8
C T-cells. 125 PLGA MPs/NPs could efficiently promote antigen entrapment and retention in local lymph nodes providing non-specific delivery of antigens to APCs such as macrophages and DCs. 126 PLGA particles possess the capability of antigen targeting toward DCs without any specific recognition because of their size similarity to pathogens which immunity system has evolved to combat them through years. 7, 70 The other features of PLGA MPs/NPs such as shape, surface charge, hydrophobicity, and hydrphilicity also have an influence on particle uptake by APCs. 7, 127 The uptake of PLGA MPs/NPs by DCs has been evaluated in several studies and it was indicated that the majority of DCs are able to internalize PLGA MSs/NSs within a 24 h incubation period. Cytochalasin B, a reagent prohibiting actin polymerization, terminates MPs/NPs uptake which clarifies the involvement of actin polymerizationin the phagocytosis of PLGA NPs. 7 First, PLGA MPs/NPs associate with cell membrane; afterwards, intercellular uptake of PLGAMPs/NPs is performed through an endocytic process including phagocytosis, fluid phase, pinocytosis or by receptor-mediated endocytosis in clatherin or caveolin -coated vesicles which are concentration and time dependent. 63, 127 Subsequent to the internalization of PLGA MPs/NPs and primary endosome formation, PLGA particles can be processed by different pathways including phagosome to cytosol, vacuolar pathways of cross presentation, and classical endocytic Figure 8 . Schematic presentation of intracellular trafficking of protein/peptide -loaded PLGA particles in antigen presenting cells (mostly dendritic cell). Desired protein can be adsorbed on or encapsulated into PLGA particles, hence due to simplification only protein-adsorbed PLGA particles is shown. PLGA particles are taken up by endocytosis following binding to DC membrane. Antigens delivered by PLGA particles undergo 2 distinct intracellular pathways. In phagosome to cytosol pathway of cross-presentation, PLGA particles escape from the endosome, degrade in cytoplasm, and loaded protein is release gradually, and continue the MHC class I pathway. Secondly, degradation of protein/peptide-loaded PLGA particle happens inside endosome due to its acidic pH, thus the antigenic peptides derived from degradation can be presented via MHC class II pathway. Antigen presenting cells: APC; TCL: T cytotoxic lymphocyte; Th: T-helper lymphocyte.
pathway via MHC II antigen presentation. 7 The majority of MPs/NPs are transitioned to secondary-endosomes and fuse with lysosome. MPs/NPs inside endo-lysosomes may rapidly escape from them within 10 minutes, and enter the cytoplasm where they release the encapsulated protein. A fraction of particles are transferred to recycling-endosome and convey back to cell exterior. 63, 128 In addition, surface charges of PLGA MPs/NPs play considerable role in their interaction with cells and subsequently their uptake and internalization. 19, 127 Cationic particles are particularly more effective for uptake by DCs and macrophages because of ionic interactions which happen between negatively charged cell surface and cationic particles. It should be mentioned that zeta potential of PLGA particle is changed by environmental pH. 7, 68 Typical intracellular pathway for PLGA MPs/NPs in DCs is depicted in Figure 8 .
Functionalizing PLGA particles for targeting to DCs
Particle-based Ag delivery systems have the ability to transfer Ag and adjuvants concomitantly to the same APC, which led to efficient induction of T cell responses. 129 Furthermore, the coadministration of antigens with TLR ligands into DCs may lead to NK cells activation through NK cell-activating cytokines which are produced by activated DCs. Therefore, the requirement for systemic administration of NK cell-activating cytokines can be circumvented by this strategy. 7 The review by Hamdy et al. focused on the simultaneous targeted delivery of cancer antigens and immunostimulatory adjuvants to DCs. 7 In order to enhance DC targeting of PLGA NPs, particles surface can be decorated with ligands of different receptors expressed on the surface of DCs (Fig. 9a) .
7 DC targeting of PLGA particle by particle modification is captured in Table 10 . It has been Figure 9 . Schematic illustration of strategies to enhance the therapeutic efficacy of DC-based vaccines via PLGA particles. (a) PLGA particles are linked to specific antibodies against DC receptors (e.g., DEC-205 and CD11c) to target vaccine components which are loaded in these particles specifically to DCs. Therefore, DC maturation and consequently CD8
C activation are occurred. (b) In another strategy, siRNA of suppressive gene can either co-encapsulate in PLGA particles containing antigen or encapsulate in distinct PLGA particle with TLR ligands and co-administer with antigen loaded-PLGA particles. Then, DCs are activated by these PLGA particles and antigen specific immunity is induced. have been coated on the surface of PLGA particles. It has been found that DC targeting via humanized antibody against DC-SIGN induces similar amount of cellular response to non-targeted NPs at 10-100 fold lower concentrations. 76 In addition, targeting DEC-205 receptors, which are expressed at relatively high levels on myeloid blood DCs results in efficient antigen uptake and consequently anti-tumor CD8
C T-cell stimulation that is necessary for improvement of DC vaccine potency. 125 In some studies, PLGA particle containing antigen and TLR ligands such as poly (I:C) and resiquimod (TLR7/8 ligand) 92, 129 have been targeted to DCs by mAb against surface DC receptors. Targeting of TLR ligands to human DC-SIGN can lead to the enhancement of DC maturation and activation as well as the induction of CD8 C T-cell responses. 92 In vitro and in vivo studies using DEC-205-targeted NPs containing TLR ligands have demonstrated enhanced CTL response at 100-fold lower adjuvant dose than required in soluble form administration. 92 Moreover, no significant difference has been observed in induced immunological in vivo responses with the mAb-coupled-PLGA NPs which are targeted to different DC receptors (CD40, CD11c and DEC-205). Moreover, addition of a TLR agonist has led to increased T cell responses regardless of the kind of mAb coupled to the surface of PLGA NPs. 129 Overall, PLGA particles which simultaneously deliver antigens and immunomodulators (e.g., TLR agonist), and also DC targeting moieties offer a potent multivalent therapeutic strategy for inducing strong immunity in different cancers.
Immunomodulation by PLGA particles containing small interfering RNA (siRNA)
To prevent the effect of some immunosuppressive genes such as cytokine signaling 1 (SOCS1) 131 and STAT3 (signal transducer and activator of transcription-3) in DC-based therapies, their mRNAs could be inhibited by small interfering RNA (siRNA) (Fig. 9b) . 131 It has been demonstrated that the knockdown of immunosuppressive SOCS1 genes in BMDCs using siRNA leads to enhanced level of pro-inflammatory cytokine which enhances antigen presentation of BMDCs and finally activates CD8
C OVA 1.3 T cells. 131 In another study, PLGA NPs containing imiquimod (R837, a DCs activator) along with STAT3 siRNAs (a silencer of immunosuppressive genes) have been internalized in DCs and subsequently the activation of the TLR pathway and the silencing of targeted immunosuppressive genes happened. Furthermore, Dc transfection with both PLGA (R837/STAT3 siRNAs) and PLGA NPs containing OVA antigen has resulted in the activation of OVA-specific T cells and enhanced anti-tumor immunity. 132 Therefore, to increase the immunotherapeutic effects of DC-based therapy, delivery of siRNA of a target immunosuppressive gene to BMDCs can be combined with an immunomodulation and antigen-specific tumor therapy via these multifunctional NPs.
Conclusion
Limitations of current vaccines particularly against intracellular parasites and cancers have encouraged the application of various vaccine delivery systems in order to improve their efficacy. Among proposed vaccine delivery systems, PLGA particles have been gaining more attention, specifically regarding their widespread advantages as an antigen/adjuvant delivery vehicle. These advantages include: PLGA inherent features that can be tuned according to the desired antigen release profile, the ease of charge or hydrophobicity modification, and the ability to target and uptake by DCs. The physicochemical properties of PLGA particulates rely on a number of factors such as: polymer composition, hydrophobicity, end group, MW, particle size, and surface charge, all of them can be adjusted in order to obtain suitable release behavior 56, 57 and intracellular trafficking. 7 Furthermore, PLGA particles offer novel vaccine delivery approaches that can stimulate innate immunity and direct intracellular processing of antigens inside DCs toward cross presentation pathway. 63 Though, the loading of PLGA particulates by encapsulation has been applied in many studies, 37, 39 this strategy has some drawbacks such as harsh consequences on protein integrity, and high expense due to required aseptic manufacturing.
133 Surprisingly, the adsorption of antigen onto the surface of preformed MPs/NPs as a recently developed method, 7 can overcome the above mentioned limitation and offer some additional benefits. 133 The size of the particle delivery system is an important factor for modulating immune responses via differential interactions with APCs. However, size alone is not the only parameter that influences cellular uptake and trafficking. Significant variances have been proved in the studies when it comes to defining the optimal particle size in order to induce maximum specific immune responses. Therefore, other particle physicochemical properties such as: ploymer composition, MW, preparation methods, antigen loading percent, as well as the route of administration must be considered when designing a PLGA vaccine delivery system. 12, 16, 19 Moreover, it would be better if all researchers follow a standardized size definition to address a particle as MPs or NPs. Further examination is needed to determine the most appropriate size of particulate delivery system for achieving the desired goal.
Induction of both CD4 C and CD8 C T cells by PLGA particles is desirable in prophylactic and also therapeutic settings for a vaccine against intracellular pathogens. Delivering the encapsulated antigens to cytoplasm (for MHC I presentation and CD8
C T cell activation) or to the endosome (for MHC II presentation and CD4
C T cell activation) is related to the physical properties of PLGA particles. Future studies are required to determine the effect of different parameters such as hydrophobicity, L/G ratio, particle size, and surface charge on the ability of PLGA particles to activate either the MHC I or II pathway. 7 In order to enhance the potency of PLGA particles, immunostimulator molecules such as TLR ligands can be formulated in PLGA particles. This formulation can prevent the toxicity of immunopotentiators in non-targeted cells. Therefore, antigens can be simultaneously delivered with immunostimulators in PLGA particles to possibly decrease the dose and toxicity of the adjuvant. 8 Furthermore, NK cells can be also activated by codelivery of antigens and TLR ligands via PLGA MPs/NPs in DCs. It can be concluded that encapsulation of immuostimulators along with antigens which results in superior response compared to soluble antigen/immunnostimulator formulations, may lead to more efficacious vaccines. 8 In addition, DC targeting agents can be incorporated to PLGA particles and subsequently CD8
C cells can be stimulated via cross presentation and DC maturation. Applying the combination of DC targeting moieties and TLR ligand in PLGA particles may make these particles a promising approach for cancer vaccine formulations as CD4
C , CD8 C T cells and also NK cells are activated. Pathogen invasion via the mucosal surface of the host requires further induction of systemic cellular, humoral and mucosal immunity to provide protection from pathogenic orgnanism. 109 Different strategies such as the surface decoration of PLGA particle with RGD peptide which targets b1 integrin on M-cells, 71 UEA-1, 120, 123 and LTA interacting with a-l-fucose receptors of M-cells 122 were applied in order to target particles to M-cells. Many researches have confirmed the induction of mucosal immunity via targeting antigen-loaded PLGA particles to M-cells, 120, [122] [123] [124] suggesting various infectious diseases can be managed by oral administration of M-cell targeted PLGA particles. In addition, mucosal immunity can be achieved by nasal administration of chitosan- 109 and TMC- 113, 114 surface modified PLGA particles.
In future studies, it is highly required to study the effect of physicochemical properties of PLGA MPs/NPs on immune response. The behavior of antigen loaded PLGA particles including bio distribution, kinetics, and cell targeting should be monitored in in vivo studies. Then, on the basis of application purpose, particle size, polymer L/G ratio and method of preparation should be selected and the decision to encapsulate or surface adsorb the antigen should be determined. When the route of administration is chosen based on the nature of disease and also patient compliance, it is necessary to decorate the surface of PLGA particles with appropriate agents to enhance the residence time of PLGA particles at target tissue. Another lesson learned from researchers' experience is surface decorating of PLGA particles with targeting agents that enable particle trafficking to the appropriate site for maximum induction of desired immune response. The use of adjuvants such as danger signals (e.g., TLR ligands) which can be adsorbed or encapsulated in PLGA particles is a relatively simple way to tailor the induced immunity. Therefore, a potent multivalent therapeutic strategy can be created by designing specifically tailored PLGA particles utilizing PLGA particles co-delivering antigens, immunomodulator, and through targeting agents; allowing vaccine researchers to produce next generation vaccines with builtin quality that provide more broadly protection against pathogenic diseases than those are used today. 125 
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